Abstract A two-dimensional PIC/MCC model is developed to simulate the nitrogen radio frequency hollow cathode discharge (rf-HCD). It is found that both the sheath oscillation heating and the secondary electron heating together play a role to maintain the rf-HCD under the simulated conditions. The mean energy of ions (N + 2 , N + ) in the negative glow region is greater than the thermal kinetic energy of the molecular gas (N2), which is an important characteristic of rf-HCD. During the negative portion of the hollow electrode voltage cycle, electrons mainly follow pendulum movement and produce a large number of ionization collisions in the plasma region. During the positive voltage of the rf cycle, the axial electric field becomes stronger and its direction is pointing to the anode (substrate), therefore the ions move toward the anode (substrate) via the axial electric field acceleration. Compared with dc-HCD, rf-HCD is more suitable for serving as a plasma jet nozzle at low pressure.
Introduction
Since hollow cathode discharge (HCD) was first achieved by Paschen in 1916 [1] , it has attracted considerable attention in the field of low-temperature plasma. With the study of HCD develops more in depth, the power supply has been developed from direct current (dc) to radio frequency (rf), the diameter of the hollow cathode has been reduced from tens of centimeters to a few millimeters, and further to micro hollow cathode with sub-millimeters. Recently, great attention has been paid to small rf hollow cathode discharge, where its aperture is of the order of a few millimeters [2−6] . A typical small rf-HCD is the capacitive rf plasma with an opening cylindrical hollow electrode, and often serves as a plasma jet nozzle. Recent research has focused on the use of material processing, radiation sources, satellite propulsion and biomedicine [7−9] . In rf-HCD, not only the electrons undergo an oscillatory back-andforth motion (also called pendulum motion), but also the charged particles respond to periodic changes in the high frequency electric field, which can achieve very high plasma density and good stability.
Bardos' group has carried out a series of experimental studies on the rf-HCD from the aspects of basic principles, applications in the plasma jet and so on [2−4] . Mahony realized the rf-HCDs with diameters ranging from 25 µm to 100 µm, in neon and in argon. They believed that electron heating during the sheath expansion phase may be the main heating mechanism [10] . Lafleur simulated an Ar rf-HCD with a diameter of 5 mm, at low pressure by using PIC/MC model. They concluded that the hollow cathode effect (HCE) is produced by secondary electron emission due to ions bombardment and secondary electron acceleration in the sheath is the main heating mechanism under the simulated conditions [5] . Recently, Jiang X X et al. simulated an rf-HCD using a fluid model, and confirmed that the main mechanism to sustain the rf-HCD in argon is sheath oscillation heating [6] . In the experimental measurements and theoretical simulation reports mentioned above, there is no specific description of the dynamics of charged particles in rf-HCD and the difference of electronic pendulum motion between dc-HCD and rf-HCD. While a lot of work has been done on the HCD by numerical simulations and experiments, most of them has been concerned with dc discharges [11−14] . For rf-HCD, numerical simulations are less and the physics processes is still not completely clear, especially the main heating mechanism to sustain the HCD [5, 6, 10] . It is important to recognize that the geometric sizes involved are small (typically a few millimeters) in HCD, and experimental diagnosis is very difficult. Although experiment has provided some estimated plasma parameters, precise spatial-temporal dynamic information regarding the charged particles has not been measured or cannot be directly obtained.
In this work, the dynamics characteristics of charged particles (e − , N + 2 , N + ) and the main heating mechanism of the HCE in nitrogen rf-HCD were investigated by using a two-dimensional PIC/MCC model. To some extent, the result will lay a foundation for further studies of high-frequency micro hollow cathode discharge and rf micro hollow cathode arrays, and it can provide a useful reference for rf hollow plasma jet on the application of nitride materials.
Description of the model
The discharge geometry of rf-HCD is shown in Fig. 1 , where the driving electrode (or "cathode") is a hollow cylinder with a radius of r=2 mm, and the disk anode is grounded. The length of the cathode L is 12 mm, the gap between the anode and the cathode is 6 mm. 13.56 MHz rf-voltage source with 300 V amplitude and −30 V bias voltage are applied to make the formation of HCD. The gas pressure is 67 Pa, and the gas temperature is 300 K. A PIC/MCC model with two-dimensional coordinate space and three-dimensional velocity space (2d3v) is used in the simulation. The background neutral gas is N 2 , which is assumed to be uniformly distributed in the discharge space, while electrons (e − ) and ions (N + , N + 2 ) are traced in the simulation. We assume the initial charge densities of electrons and positive ions (N + , N + 2 ) in the hollow cathode cavity are equal and uniformly distributed; the densities of atomic ions (N + ) and molecular ions (N + 2 ) are assumed to be roughly 1:5 [15] . The initial velocity of the particles is sampled from a Maxwellian velocity distribution at an average electron temperature of 2 eV and ion temperature of 0.0625 eV (300 K).
The two-dimensional Poisson equation is
where, φ is the potential; r and z are the radial and the axial position respectively, ε 0 is the vacuum dielectric constant, e is the basic charge, and n N + , n N + 2
and n e are the space charge densities of N + , N + 2 and e − respectively. The Poisson equation can be written in a five-point discrete scheme in a cylindrical coordinate system. The boundary conditions for this equation are: a boundary condition of the second kind is used at the axis, namely ∂φ/∂r = 0, the potential φ = V rf sin(ωt) + V d is used at cylindrical electrode (z = 0.6-1.8 cm), and at the anode disk, the potential is set to be zero (φ = 0). By using Eq. (1) and the boundary conditions, a self-consistent electric potential at each grid point can be calculated. After that the electric field at any location in the grid is calculated by the electric field at four adjacent grid points. The electron time step is of the order of 10 −12 s and the time step for an ion is equal to 30 electron time steps. A null-collision method is used to simulate the collisions, which include electron impact elastic, excitation, ionization, dissociation and dissociation ionization collisions, ion (N + , N + 2 )-neutral elastic, charge-exchange and dissociation charge exchange collisions, and molecular ion (N + 2 )-neutral dissociation charge exchange collisions. The cross section data for various electron collisions were taken from Y. Itikawa's report [16] , and the cross sections for heavy particle collisions were taken from Ref. [17] . The secondary electron emission induced by ions is included here. When ions move to the wall of the tube, they are no longer tracked and at the same time the MC method is used to determine whether a secondary electron is produced. The initial energy of the secondary electron is 4 eV. In order to control the number of particles within the grid, we split and merge them by using standard compliant number [18] . A detailed description of the 2d3v PIC/MCC model in N 2 hollow cathode discharge can be found in our previous paper [12] .
3 Results and discussion
Effect of secondary electron emission coefficient
For secondary electron emission coefficient γ, two values are used in our simulations: one is γ=0 marked as case 1, another is γ=0.2 marked as case 2. Fig. 2 shows the distributions of the time-averaged electron density over one rf cycle in two cases. As seen in Fig. 2(a) , without secondary electron emission, the peak density is located at the center axis, which is named the negative glow region. The peak value of the time-averaged electron density is about 0.9×10 17 m −3 . This confirms that high density plasma can be generated in this rf-HCD. Fig. 2(b) shows that, with γ =0.2, the peak value of the time-averaged electron density is about 1.9×10 17 m −3 , which is about twice the time-averaged electron density in case 1. Comparing  Fig. 2(b) with (a), the distributions of the electron density in both cases are similar to each other except that the plasma in case 2 penetrates more deeply into the hollow cathode tube than that in case 1 during the discharge. The distributions of the time-averaged ionization rate over one rf cycle in two cases are shown in Fig. 3 . The time-averaged ionization rate is mainly distributed in the plasma region, higher than the ionization rate in the sheath by 1-2 orders. This indicates that most electrons undergo pendulum motion between the hollow cathode walls; consequently the ionization collisions in the discharge space mainly occur within the plasma region. Apart from the common features in the two cases mentioned above, a distinct difference is found that the peak value of the time-averaged ionization rate in case 2 is higher than that in case 1 by 2 orders and the distribution of the peak value in case 2 is mainly located in Z=0.6-1.8 cm, while in case 1 it mainly occurs in Z=0-1.2 cm. Fig . 4 shows the radial distributions of the timeaveraged electron density and ionization rate at the hollow electrode center (Z=1.2 cm) for different γ. From the comparison it can be seen that the time-averaged electron density and ionization rate in the plasma region are much higher than those in the sheath. With the increase of γ, the time-averaged electron density and ionization rate increase significantly. On one hand, it can form HCE in this rf hollow cathode tube under the condition of γ=0; on the other hand, the effect of secondary electron produced by nitrogen ion is quite great. From this, we can roughly infer both α ionization and γ ionization take effect on the main heating mechanism to maintain the rf-HCD. This conclusion requires further theoretical simulation to confirm. Therefore, we will next make statistics on the size and distribution of α and γ ionization rate, respectively. In all other results of this work we considered the effect of secondary electron emission due to the ion bombardment, which is set to be 0.2. Fig.4 The radial distribution of the time-averaged electron density (a) and ionization rate (b) at the hollow electrode center (Z=1.2 cm) for different γ Fig. 5(a) -(c) respectively show, after reaching steady discharge, the distributions of the time-averaged potential, radial and axial field over one rf cycle. Most of the time-averaged potential in the discharge space is positive and remains substantially unchanged (see Fig. 5(a) ), especially in R= −0.1-0.1 cm, while the radial electric field in the corresponding position is very weak (see Fig. 5(b) ). The time-averaged potential in the vicinity of the hollow cathode wall is negative. There exists a large electric potential gradient both in R= 0.1-0.2 cm and R= −0.1 -−0.2 cm, where the radial electric field is gradually enhanced and then forms a sheath. This indicates that the discharge structure of the hollow cathode is sheath-plasma-sheath. In Fig. 5(c) , the time-averaged axial electric field within the hollow electrode is approximate zero. The distribution of the maximum is near the grounding electrode (Z=0 cm) and at the lower and upper ends of the hollow electrode (Z=0.6 cm, Z=1.8 cm,), which is −2.7×10 4 V/m, 2.5×10 4 V/m and 4×10 4 V/m (where the negative sign in the figure indicates the opposite direction of the Z-axis), respectively. The distribution of the radial and axial electric field at both ends of the hollow cathode wall (Z= 0.6 cm, Z=1.8 cm) is similar to the "point discharge". It can be seen that the distributions of the timeaveraged potential, radial and axial electric field over one rf cycle are similar to the corresponding distributions of the direct-current hollow cathode discharge (dc-HCD). For rf-HCD, the spatial and temporal distribution of the potential in the middle of the hollow tube (Z=1.2 cm) (see Fig. 6 ) in the two half cycles is completely different, so is the radial electric field. During ωt=(0-π), most of the potential value is positive and does not change at the same time in the radial direction (see Fig. 6(a) ), the radial electric field value is almost zero (see Fig. 6(b) ), the sheath structure is nonexistent. This is the significant difference from the potential and radial electric field distribution in dc-HCD. During ωt = (π-2π), most of the potential is negative. There exists an obvious potential gradient near the electrode walls, where the performance of radial electric field is the expansion and contraction of the sheath. The maximum value of the radial electric field is approximately 2.2×10 5 V/m. The spatial and temporal distributions of the axial electric field in the middle of the hollow tube (Z=1.2 cm) and in the center of the tube (R = 0 cm) are shown in Fig. 7 . In Fig. 7(a) , the maximum value of the axial electric field during ωt=(0-π) is about −6500 V/m and during ωt = (π-2π) is about 4500 V/m, both of which are less than the maximum value of the radial electric field. In Fig. 7(b) , it is a regular sinusoidal variation. However, the periodic change of the rf axial electric field also affects, to some extent, the movement of the charged particles and their distributions of energy and density.
Distribution of electric field

Densities of particles (e
The space distributions and the numerical value of the time averaged electron density during ωt=(0-π) (Fig. 8(a)), during ωt=(π-2π) (Fig. 8(b) ) and the whole rf cycle (Fig. 2(b) ) are basically the same and consistent with the spatial and temporal distribution of the electron density (Fig. 8(c) ). 
) energy
The distributions of the charged particles (e − , N + 2 , N + ) mean energies over one rf cycle are shown in Fig. 10 . As can be seen from Fig. 10(a) , the electron energy distribution has reached a peak in the vicinity of the sheath boundary and then becomes lower near the axis of the plasma region, which suggests that the HCD is formed by the superposition of the plasma region. In the plasma region, the mean energy of ions (N + , N + 2 ) is almost zero in dc-HCD [12] , while the mean energy of ions in rf-HCD is greater than the thermal kinetic energy of N 2 molecular gas ( Fig. 10(b) and (c)), which is an important characteristic of the rf-HCD, i.e., the main difference from dc-HCD and rf parallel plate discharge. During the positive half of the rf potential cycle, the axial electric field is stronger than during the other half cycle, and the axial electric field is in the opposite direction along the Z-axis (the value of the axial electric field is negative in Fig. 7(a) and (b) ). Via the acceleration of the axial electric field, the nitrogen ions which are toward the substrate (anode) become easier to reach the substrate. While in the dc-HCD of a similar discharge, the axial electric field intensity in the tube is almost equal to zero. At the gap near the anode, the direction of the axial electric field is always along the Z-axis direction [13] . Therefore, ions are not easy to reach the substrate in the dc-HCD. Hence, compared with dc-HCD, rf-HCD is more suitable for serving as the plasma jet nozzle at low pressure. Yet, this conclusion has not mentioned and analyzed so far.
In order to investigate the reason, we simulate the distributions of the particles (e − , N + 2 , N + ) energies in the middle of the hollow tube (Z=1.2 cm), as shown in Fig. 11 . In dc-HCD, there always exist pendulum motions. While in rf-HCD, since the radial electric field is almost zero during ωt = (0-π) (Fig. 6(b) ), the energy of the particles is mainly affected by the axial electric field Fig. 7(a) and (b) , thus ions in the plasma region get more energy than in another half cycle (ωt = (π-2π)) and electrons mainly move towards the tube electrodes by their own inertia; yet during ωt = (π-2π), the particles motion is mainly affected by the radial electric field (Fig. 6(b) ). Electrons get large amounts of energy in the sheath and follow pendulum motions with large amounts of ionization collisions. For ions, after getting a large amount of energy in the sheath, they constantly bombard the electrodes. Since the N + mean energy is higher than N + 2 , so N + is the energetic ion in the discharge space.
Conclusions
A two-dimensional PIC/MCC model is developed to simulate the N 2 rf hollow cathode discharge, where its aperture is of the order of a few millimeters. The distributions of electric field, the densities and mean energies of charged particles (e − , N + 2 , N + ), and the electron impact ionization rates have been calculated and the effects of the secondary electron emission coefficient have been discussed. Our simulation results indicate that α ionization and γ ionization together play a role to maintain the rf-HCD under simulated condition. It can be seen from the distribution of the instantaneous rf electric field that the radial electric field is so strong that it makes electrons get considerable energy to set up pendulum movement during negative portion of the hollow electrode voltage cycle. Meanwhile, the electrons produce a large number of ionization collisions in the plasma region. During the positive portion of the hollow electrode voltage cycle, the radial electric field becomes weak, the electron energy and the ionization rate are relatively low, but the axial electric field is stronger than that in the other half cycle and it is on the opposite direction along the Z-axis. Due to the axial electric field acceleration, the ions could easily move toward the anode (substrate), the mean energy of ions (N + 2 , N + ) in the plasma region is greater than the thermal kinetic energy of the molecular gas. Therefore compared with dc-HCD, rf-HCD is more suitable for serving as the plasma jet nozzle at low pressure. The spatial distribution of the particles (e − , N + 2 , N + ) density is more stable and the main ion is N + 2 in the rf-HCD space.
